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Abstract 
Globally, blue carbon (i.e., carbon in coastal and marine ecosystems) emissions have been 
seriously augmented due to the devastating effects of anthropogenic pressures on coastal 
ecosystems including mangrove swamps, salt marshes, and seagrass meadows. The 
greening of aquaculture, however, including an ecosystem approach to Integrated 
Aquaculture-Agriculture (IAA) and Integrated Multi-Trophic Aquaculture (IMTA) could play a 
significant role in reversing this trend, enhancing coastal ecosystems, and sequestering blue 
carbon. Ponds within IAA farming systems sequester more carbon per unit area than 
conventional fish ponds, natural lakes, and inland seas. The translocation of shrimp culture 
from mangrove swamps to offshore IMTA could reduce mangrove loss, reverse blue carbon 
emissions, and in turn increase storage of blue carbon through restoration of mangroves. 
Moreover, offshore IMTA may create a barrier to trawl fishing which in turn could help 
restore seagrasses and further enhance blue carbon sequestration. Seaweed and shellfish 
culture within IMTA could also help to sequester more blue carbon. The greening of 
aquaculture could face several challenges that need to be addressed in order to realize 
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substantial benefits from enhanced blue carbon sequestration and eventually contribute to 
global climate change mitigation. 
 
Keywords:  aquaculture; blue carbon; coastal ecosystems; climate change; mitigation 
 
1.  Introduction 
Anthropogenic climate change is caused by emissions of greenhouse gases (GHG) notably 
carbon from dust particles ‘‘black carbon,’’ fossil fuels ‘‘brown carbon,’’ terrestrial 
ecosystems ‘‘green carbon,’’ and coastal and marine ecosystems ‘‘blue carbon’’ (Nellemann 
et al. 2009). Blue carbon is an important part of the global carbon cycle, and coastal and 
marine ecosystems play a significant role in the blue carbon cycle. Blue carbon considered in 
this review is the carbon sequestered, stored, and released from three major coastal and 
marine ecosystems: (1) mangrove swamps, (2) salt marshes, and (3) seagrass meadows 
(Murray et al. 2011; Pendleton et al. 2012; Siikamaki et al. 2013). Vegetated coastal habitats 
are hotspots for ecosystem functions, including blue carbon sinks1 (Mcleod et al. 2011; 
Fourqurean et al. 2012; Greiner et al. 2013). These three habitats are commonly referred to 
as ‘‘blue carbon ecosystems’’ which cover <0.5% of the global seabed; however, some 
authors estimate that they are responsible for capturing and storing2 up to 71% of global 
blue carbon (Nellemann et al. 2009). Global coverage of blue carbon ecosystems is 509 170 
km2 of which 319 000 km2 (63%) is seagrasses, 139 170 km2 (27%) is mangroves, and 51 000 
km2 (10%) is salt marshes. Globally, these coastal ecosystems store about 11.5 billion tons of 
blue carbon. The highest blue carbon pool is mangroves (6.5 billion tons), followed by 
seagrasses (3 billion tons) and salt marshes (2 billion tons). Globally, the blue carbon 
sequestration3 rate is about 53 million tons annually, of which 26 million tons (49%) is in 
seagrasses, 16 million tons (30%) in mangroves, and 11 million tons (21%) in salt marshes 
(Siikamaki et al. 2012). 
 
1 A carbon sink is a natural or artificial reservoir or pool that accumulates and stores some carbon-containing 
chemical compound for an indefinite period. Sink is also a process, activity, or mechanism that removes a GHG 
from the atmosphere. 
2 Capture is the separation of CO2 from other gases. Carbon capture and storage (CCS) is a process consisting of 
separation of CO2 from its sources, transport to a storage location, and long-term isolation from the 
atmosphere. 
3 Carbon sequestration is the process involved in carbon capture and the long-term storage of atmospheric 
CO2. Sequestration is the removal of atmospheric CO2 through biological (photosynthesis) or geological 
(storages in underground reservoirs) processes. 
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Unlike blue carbon ecosystems, seaweeds4 or marine macroalgal communities do not 
develop their own organic-rich sediments as they primarily grow on hard rocky substrates, 
and thus, do not directly contribute to carbon sequestration (Duarte et al. 2013). 
Nevertheless, macroalgae have the potential to contribute to global blue carbon 
sequestration by acting as a carbon donor to receiver sites where organic materials 
accumulate (Hill et al. 2015). Under certain conditions, macroalgae can serve as an effective 
CO2 sink due to their capacity for photosynthetically driven CO2 assimilation (Chung et al. 
2011, 2013). 
 
Globally, coastal ecosystems are among the most threatened and rapidly disappearing 
natural ecosystems. One-third of the world’s blue carbon ecosystems have already been lost 
over recent decades (Mcleod et al. 2011). The estimated annual loss5 of blue carbon 
ecosystems is ~0.5–3%, amounting to ~8000 km2 per year (Waycott et al. 2009; Spalding et 
al. 2010; Pendleton et al. 2012). Nearly, 100% of mangroves and 30–40% of tidal marshes 
and seagrasses could be lost in the next 100 years (Duke et al. 2007; IPCC 2007). The global 
economic impacts for degradation of blue carbon ecosystems have been estimated to be 
worth US$6–42 billion annually (Pendleton et al. 2012). Blue carbon emissions are being 
critically augmented due to devastating effects on coastal ecosystems, driven by agriculture, 
aquaculture, deforestation, dredging, land-use change, industrial runoff, mining, oil spills, 
overfishing, pollution, tourism, and urbanization (Valiela et al. 2001; Gordon et al. 2011; 
Murray et al. 2011; Pendleton et al. 2012). Globally, the blue carbon emission rate is 58.7 
million tons annually, of which 33.5 million tons (57%) is from mangroves, 14.7 million tons 
(25%) from seagrasses, and 10.5 million tons (18%) from salt marshes (Siikamaki et al. 2012). 
 
Emissions of carbon along with other GHG (CH4, N2O) have been recognized as the dominant 
cause of climate change (IPCC 2014). To tackle climate change, it is crucial to reduce blue 
carbon emissions from coastal ecosystems. Sustainable management of coastal ecosystems 
can help to reduce blue carbon emissions and contribute to blue carbon sequestration 
 
4 Seaweeds must not be confused with seagrasses as seaweeds are marine macroalgae, while seagrasses are 
vascular plants. Seaweeds can be either wild or aquaculture crops, while it is challenging to restore seagrass 
beds owing to difficulty in transplanting seedlings. 
5 Globally, the annual loss rate was 1–2% for tidal marshes, 0.7–3% for mangroves, and 0.4–2.6% for 
seagrasses (Pendleton et al. 2012). 
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(Mcleod et al. 2011; Pendleton et al. 2012; Duarte et al. 2013). The greening of aquaculture 
could be a part of sustainable coastal ecosystem management (Moss et al. 2001; Rajagopal 
et al. 2006; Hersoug 2015), which could reduce carbon emissions (Hanson et al. 2011). 
Moreover, the greening of aquaculture could play an important role in sequestering blue 
carbon (Sepulveda-Machado and Aguilar-Gonzalez 2015; Ahmed and Glaser 2016). The aim 
of this article is to highlight key issues for sequestering blue carbon through the greening of 
aquaculture. 
 
2.  Greening of Aquaculture 
The greening of aquaculture includes concepts such as an Ecosystem Approach to 
Aquaculture (EAA), Integrated Aquaculture-Agriculture (IAA), and Integrated Multi-Trophic 
Aquaculture (IMTA). Greening is defined as the process of making changes to aquaculture 
production so that they are more environmentally friendly (Burch et al. 2001). The thematic 
focus of greening aquaculture is to improve fish production and at the same time 
significantly reduce environmental impacts. Rapid development of aquaculture has been 
advocated as an approach to increasing food production in order to contribute to human 
nutrition and food security (Simpson 2011; FAO 2016). However, this has led to a number of 
social, economic, and environmental constraints. The greening of aquaculture is needed to 
balance the adverse effects of the blue revolution of aquaculture as it has been practiced 
until now (Moss et al. 2001; Ahmed and Toufique 2015). Considerable debate and 
arguments have occurred about the impacts of the blue revolution on the environment and 
society (Neori et al. 2007; Hall et al. 2011). Social, economic, and environmental challenges 
must be addressed to realize the benefits of the blue revolution. The greening of 
aquaculture is based on ecologically and socially responsible decision-making and 
translating this into action for sustainable development. Greening of the blue revolution 
does not only make environmental sense, but also addresses social and economic concerns 
(Moss et al. 2001; Ahmed and Toufique 2015). Thus, the blue revolution of aquaculture 
must be accompanied by favorable social, economic, and ecological contexts to be sustained 
over time (White et al. 2004; Neori et al. 2007). Future development of aquaculture must 
reorient the blue revolution to attain ecologically integrated and more sustainable 
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aquaculture systems that have positive impacts on natural and social ecosystems (Costa-
Pierce 2002, 2008). 
 
Ecosystem Approach to Aquaculture (EAA) 
EAA is a strategy for integration of aquaculture within the wider ecosystem in such a way 
that it promotes sustainable development, equity, and resilience of interlinked social and 
ecological systems (Soto et al. 2008). An EAA includes management to increase ecosystem 
productivity through aquaculture and the development of linkages between aquaculture, 
environment, and society to promote economic benefits. An EAA should maximize not only 
economic, but also social and environmental benefits. An EAA should be technically 
sophisticated, ecologically accountable, and socially responsible (Costa-Pierce 2008). An EAA 
acknowledges the need to achieve profitability and the potential of aquaculture 
development to deliver gains from social and environmental perspectives (Knowler 2008). 
EAA has also been termed ‘‘ecological aquaculture’’ that encompasses integrated 
management of land, water, and aquatic living resources for sustainability (Costa-Pierce 
2008). Implementation of EAA requires understanding ecosystem functions and changes in 
human behavior. An EAA should be structured to deal effectively with issues of a social, 
economic, environmental, technical, physical, and political nature. These factors can 
facilitate sustainable development and management of aquaculture to provide a full range 
of ecosystems functions and services, while not posing a significant risk to the environment 
or society. Three spheres of EAA application are important: (1) farm-which is crucial for 
management practices in the production processes, (2) water body and associated 
aquaculture zone - water body is the portion or the whole of the ecosystem where the farm 
concentrates on aquaculture operations, and (3) market and trade - the business model of 
food supply with global safety standards (Soto et al. 2008). 
 
Integrated Aquaculture-Agriculture (IAA) 
IAA is defined as concurrent or sequential linkages between two or more aquaculture and 
agricultural activities, including the integration of fish, rice, vegetables, fruits, and livestock 
(Prein 2002). In a wider perspective, the integration and diversification of IAA has been 
observed as part of integrated resources management, and improved natural resource-use 
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efficiency. Ideally, IAA results in increased productivity, profitability, and sustainability (Pant 
et al. 2004; Dey et al. 2010). IAA is particularly appropriate for resource-poor farmers, 
maximizing benefits from land, water, and labor. In developing countries where land is 
scarce and the population is growing rapidly, IAA makes the most of scarce resources, since 
there are synergistic benefits between different enterprises. There are two major types of 
IAA systems depending on biophysical conditions: (1) pond-based IAA and (2) rice-fish 
culture (Ahmed et al. 2014). Fish are grown as a primary crop in pond-based IAA, while rice 
is the main crop in rice-fish farming. In general, IAA requires less off-farm inputs including 
chemical fertilizers and pesticides as fish waste increases the amount of organic fertilizer by 
recycling nutrients (Prein 2002). At the same time, rice fields and ponds offer benthic, 
periphytic, and planktonic food for fish. Moreover, a variety of aquatic weeds (azolla, 
duckweed, water hyacinth, and water spinach) are grown in ponds and rice fields that are 
consumed by fish. Fish farming in rice fields is also regarded as an approach to integrated 
pest management (Halwart and Gupta 2004). Because of waste utilization and pest control, 
IAA could be a form of good aquaculture practices that display inherent biological, chemical, 
and physical precautionary measures to prevent pathogen contamination and the outbreak 
of disease (Serfling 2015). To avoid public health hazards, farmers should be trained to 
follow good aquaculture practices in IAA regarding the application of inputs, including 
chemicals and livestock manures. 
 
Integrated Multi-Trophic Aquaculture (IMTA) 
IMTA is a process of growing different species of finfish and shellfish with seaweeds from 
different trophic levels in an integrated farm to increase productivity and profitability 
through efficient recycling and reuse of nutrients. IMTA is a practice in which the by-
products from one species are recycled to become inputs for another. The principle of IMTA 
is the co-cultivation of fed-fish, extractive species for organic particles (shellfish), and 
assimilative species for inorganic nutrients (seaweeds) (Troell et al. 2009; Chopin 2011; 
Chopin et al. 2012). The concept of IMTA is to create balanced systems to improve 
environmental sustainability, economic viability, and social acceptability. IMTA seems to 
solve some negative environmental effects of aquaculture, and it has economic benefits 
because farm diversification generates additional income while reducing risks (Barrington et 
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al. 2009, 2010). IMTA is adaptable for land-based and offshore aquaculture systems in both 
freshwater and saltwater environments. IMTA is currently operated in over 40 countries on 
a commercial or experimental basis, including Canada, Chile, China, Japan, the USA, and 
many European countries (Chopin 2011). IMTA could be a solution to environmental 
problems associated with the intensification of aquaculture production, and is a more 
diverse and less costly approach for the ecological management of aquaculture (Klinger and 
Naylor 2012). IMTA is a biomitigative approach, which reduces environmental impacts of 
aquaculture and other nutrient discharges by growing diverse food crops in productive 
systems (Diana et al. 2013). 
 
3.  Blue Carbon Sequestration 
Pond-based IAA 
Fish ponds play a significant role in carbon sequestration due to the accumulation of organic 
matter in pond sediments. Fish feeds and fertilizers are applied in ponds for growth of fish, 
and these inputs stimulate organic carbon production by phytoplankton photosynthesis 
(Boyd and Tucker 1998). Phytoplankton, also known as microalgae, are among the most 
efficient biological systems for capturing carbon owing to their ability to transport 
bicarbonate into their cells (Sayre 2010). Macrophytes also have potential for carbon 
capture in ponds (Stepien et al. 2016). Organic carbon in pond sediments increases soil 
fertility that can stimulate production of benthic organisms and rooted plants, and thus, 
increases fish productivity through increased food availability. Fish ponds can sequester 
carbon at a rate of 1.5 t ha-1 annually (Boyd et al. 2010). In India, the annual carbon 
sequestration rate in fish ponds is from 0.86 to 1.53 t ha-1. At this rate, total average annual 
carbon sequestration from 0.79 million ha of fish ponds is 0.9 million tons, which is 0.2% of 
Indian annual carbon emissions (Adhikari et al. 2012). Globally, the annual carbon 
sequestration is 16.6 million tons from 11.08 million ha of aquaculture area worldwide, 
representing about 0.21% of global annual carbon emissions (Boyd et al. 2010). 
 
This is an Accepted Manuscript of an article published by the Royal Swedish Academy of Sciences & Springer 




Agriculturally eutrophic6 impoundments as well as IAA ponds sequester carbon at an 
average rate of 21.2 t ha-1 annually which is 14 times higher than standard fish ponds. 
Moreover, carbon sequestration within agriculturally eutrophic impoundments is 30 times 
higher than in small natural lakes, and 400 times greater than in large natural lakes and 
inland seas. The global annual carbon sequestration rate is about 163 million tons from 7.7 
million ha of agriculturally eutrophic impoundments (Downing et al. 2008). If 25% of global 
aquaculture area (4.5 of 18 million ha)7 were converted to agriculturally eutrophic 
impoundments as well as IAA, an additional 95.4 million tons of carbon could be 
sequestered annually (Table 1). 
 
Mangroves to IMTA: Translocation of shrimp farming 
In addition to being a blue carbon sink, mangroves provide a wide range of services, 
including biodiversity conservation, secondary production, nutrient cycling, and adaptation 
to climate change (Huxham et al. 2010; Donato et al. 2011; Duarte et al. 2013; Saenger et al. 
2013; Alongi 2014). However, the loss of mangroves accelerated rapidly in the 1980s and 
1990s where shrimp farming was one of the key reasons. About 1.89 million ha of global 
mangrove loss resulted from coastal aquaculture including shrimp farming (Valiela et al. 
2001). Most aquaculture-related damage was caused by the conversion of mangrove 
swamps to shrimp ponds with other detrimental effects caused by effluent discharges from 
intensive farms. Driven by high economic returns associated with growing demand in the 
international market, unplanned and unregulated shrimp farming caused widespread 
destruction of mangroves in a number of countries, including Bangladesh, Brazil, China, 
India, Indonesia, Malaysia, Mexico, Myanmar, Sri Lanka, the Philippines, Thailand, and 
Vietnam (FAO 2007; UNEP 2014). To protect against further loss of mangroves, the 
‘‘Reducing Emissions from Deforestation and forest Degradation (REDD+)’’ program could 
be implemented more widely and help to reduce CO2 emissions through conservation of 
mangroves (Gordon et al. 2011; UNEP 2014; Ahmed and Glaser 2016). 
 
 
6 Carbon accumulation in agriculturally eutrophic impoundments is high as they receive allochthonous carbon 
through erosion, autochthonous carbon through nutrient-driven primary productivity, and exhibit very high 
rates of preservation due to nearly continuous sediment anoxia (Downing et al. 2008). 
7 In 2004, there were 11.08 million ha of aquaculture ponds worldwide (Verdegem and Bosma 2009) and the 
current global aquaculture area was estimated based on the changes in total aquaculture production. 
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The translocation of shrimp culture from mangrove forests to offshore IMTA located near 
the coast can be environmentally friendly. Shrimp culture has already been introduced in 
IMTA in many countries (Barrington et al. 2009). The translocation of shrimp farming from 
mangroves to IMTA would reduce blue carbon emissions and help facilitate mangrove 
regeneration through replanting. Payments for ecosystem services through a scheme of 
blue carbon offsets could significantly enhance prospects for mangrove restoration (Locatelli 
et al. 2014). Mangrove forests sequester blue carbon at a rate of 1.15–1.39 t ha-1 annually 
(Bouillon et al. 2008; Nellemann et al. 2009; Siikamaki et al. 2012). If translocation of shrimp 
culture occurred and it could rehabilitate 25% of the deforested mangrove area globally 
(0.47 million ha), it could sequester another 0.54–0.65 million tons of blue carbon annually 
(Table 1). The estimated blue carbon sequestration rates in the scenarios presented are 
representative and the rate of uptake and duration of storage will depend on the 
management of the systems. Sequestration rates assumed for mangroves may also vary 
depending on the age of the restored stand, prevailing hydrological and geomorphological 
conditions, and the latitude. 
 
IMTA and seagrass restoration 
Seagrasses provide a wide range of ecological services, including carbon and nutrient 
cycling, sediment stabilization, biodiversity conservation, and secondary production (Orth et 
al. 2006; Saenger et al. 2013). However, seagrass losses have accelerated as globally 33 000 
km2 of seagrass meadows were lost owing to direct and indirect human impacts over the 
last two decades (Walker et al. 2006). Destructive fishing is one of the key reasons for loss of 
seagrasses. Trawl fishing has devastating effects on seagrasses as bottom trawling destroys 
the shoots and rhizomes of seagrasses (Murray et al. 2011). 
 
There is a huge potential for seaweed culture in IMTA (Barrington et al. 2009; Troell et al. 
2009; Chopin et al. 2012). Seaweed can grow in complex environmental conditions and 
tolerate changes in salinity and temperature. Seaweed culture in IMTA can play an 
important role in reducing CO2 emissions (Chung et al. 2011). In addition to the culture of 
seaweeds, IMTA could be placed in areas suited to seagrass colonization to protect against 
trawl fishing. In that case, IMTA may create an obstacle to destructive fishing which in turn 
This is an Accepted Manuscript of an article published by the Royal Swedish Academy of Sciences & Springer 




would help to restore seagrasses that could enhance blue carbon sequestration (Greiner et 
al. 2013). Globally, seagrass meadows sequester blue carbon at a rate of 0.54–0.83 t ha-1 
annually (Duarte et al. 2005; Siikamaki et al. 2012). If IMTA could help to restore about one-
fourth of lost seagrass meadows (0.82 million ha), it could sequester between 0.44 and 0.68 
million tons of blue carbon annually (Table 1). Moreover, seaweed culture in IMTA using 
other environmentally friendly methods (e.g., long-lines and rafts) could help to sequester 
more blue carbon globally. 
 
Shellfish aquaculture 
Shellfish culture in IMTA is environmentally friendly as shellfish are filter feeders consuming 
particulate matter and microorganisms. A variety of mollusks, including mussels and oysters, 
have been introduced in IMTA. Shellfish feed at a lower trophic level in IMTA and 
consequently consume particulate organic nutrients, including waste feed (Barrington et al. 
2009; Troell et al. 2009; Chopin et al. 2012). In IMTA, shellfish can remove up to 54% of 
particulate nutrients (Reid et al. 2010). Shellfish sequester blue carbon and act as a carbon 
sink (SARF 2012). Global mollusk production was estimated at 16.1 million tons in 2014 (FAO 
2016). The CO2 sequestration rate by shells of mussels and oysters is 0.22 and 0.44 ton per 
ton of harvest,8 respectively (SARF 2012). At these rates, 16.1 million tons of mollusks could 
sequester 0.97–1.93 million tons of blue carbon annually. Global blue carbon sequestration 
could be increased through shellfish production in IMTA and other culture methods. With a 
total increase of 4.03 million tons in shellfish production globally (25% increase), it could 
sequester 0.24–0.48 million tons of additional blue carbon annually (Table 1). 
 
4.  Future Prospects: Opportunities and Challenges 
To tackle climate change, it is important to continue the greening of aquaculture and 
increase its role in sequestering blue carbon (Fig. 1). If one-fourth of degraded mangroves 
and seagrasses were restored by the greening of aquaculture, 25% of coastal ponds were 
converted to IAA and shellfish production increased by 25%, it could be possible to 
 
8 Equivalent to 0.06 and 0.12 ton of carbon sequestration per ton of mussels and oysters harvested, 
respectively, as one ton of carbon is equal to 3.67 tons of CO2. These figures do not take into account CO2-eq 
emissions generated as a consequence of cultivation practices or during other phases in the product value 
chain which will ultimately dictate the net amount of CO2-eq sequestered or emitted as a consequence shellfish 
consumption. 
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sequester 97 million tons of additional blue carbon annually (Table 1). This would be 1% of 
global annual carbon emissions that reached 9.73 billion tons (or 35.7 billion tons of CO2) in 
2014 (Olivier et al. 2015). Despite this relatively low contribution, the greening of 
aquaculture to sequester blue carbon has some climate change mitigation potential. This 
could be a part of a ‘‘blue carbon initiative’’ to enhance resilience to climate change (UNEP 
2011). Maintaining coastal ecosystems and expanding blue carbon sinks through the 
greening of aquaculture is a win–win strategy. Mangrove plantation and regeneration could 
help to increase resilience to climate change, including protection against coastal flooding, 
erosion, sea level rise, storm surges, and wave action (Alongi 2008; Huxham et al. 2010; 
Duarte et al. 2013). Restoration of seagrasses could also help to mitigate and adapt to the 
impacts of climate change (Fourqurean et al. 2012; Duarte et al. 2013). 
 
The greening of aquaculture could provide a wide range of socioeconomic and 
environmental benefits. There is an opportunity to improve the lives of people in coastal 
communities through the greening of aquaculture which could provide food, income, and 
livelihood opportunities. The greening of aquaculture could also provide economic growth 
through producing high-value seafood commodities for export. Moreover, restoration of 
mangroves and seagrasses could help to conserve aquatic biodiversity and fisheries 
production (Saenger et al. 2013). 
 
Despite the potential benefits, the greening of aquaculture in coastal communities faces 
several challenges (Table 2). IAA may need to overcome water management problems, 
including freshwater scarcity and saltwater intrusion into coastal ponds. Effective blue 
(irrigation) and green (rain) water management could, however, help to increase food 
production as IAA produces ‘‘more crop per drop’’ (Rockstrom et al. 2009; Ahmed et al. 
2014). Recycling of nutrients in pond-based IAA may limit the accumulation of carbon stocks 
in pond sediments. Accumulation of organic carbon in pond sediments promotes anaerobic 
conditions leading to microbial activities that may cause fish diseases. Microbial activities in 
anoxic pond sediments can result in a loss of soil carbon (Bunting and Pretty 2007). 
Endeavoring to use nutrient-rich pond mud as a fertilizer for terrestrial crop production 
could release GHG. Offshore IMTA is also not protected from a range of environmental 
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problems, including water pollution, parasite transmission, and disease outbreaks. Close 
placement of different IMTA species can intensify pathogen exposure, and thus, pose health 
risks to consumers (Klinger and Naylor 2012). User conflicts over access to water and 
fisheries resources may also arise in the case of offshore IMTA. Community-based fisheries 
management can be an effective means to mobilize farming communities in the transition 
from inland to offshore areas for better access to water and enhanced water management 
(Khan et al. 2015). IMTA involving the translocation of shrimp culture for mangrove and 
seagrass restoration, seaweed cultivation, and shellfish production could face technical and 
environmental constraints. Competition from conventional aquaculture production may 
threaten the economic viability of such carbon-sensitive practices. These challenges must be 
addressed to realize the full potential of greening of aquaculture to sequester blue carbon. 
 
5.  Conclusions 
The greening of aquaculture is a promising mechanism to reduce blue carbon emissions. The 
greening of aquaculture can help to sequester blue carbon in coastal ecosystems which is a 
crucial aspect to mitigating climate change. However, the greening of aquaculture will 
require technical and financial assistance as well as institutional support to address several 
challenges. To realize wider benefits from blue carbon sequestration, all major stakeholders 
including international agencies, researchers, government and nongovernmental 
organizations, and coastal communities should work together for the implementation of 
greening of aquaculture. Green payments may be required for reducing blue carbon 
emissions and maximizing sequestration (Gordon et al. 2011; Murray et al. 2011). To 
increase the participation of coastal communities in the greening of aquaculture, it will be 
necessary to increase their awareness through training programs and technical assistance. 
Social and environmental issues within coastal communities must also be identified and 
addressed to facilitate the successful adoption of IAA and IMTA. Intensive research is 
needed to better understand and optimize the process of greening aquaculture in terms of 
blue carbon sequestration and storage for climate change mitigation. Applied research on 
coastal ecosystem management through the greening of aquaculture also demands 
particular attention. 
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rate2 (t ha-1 yr-1 or 
t per t yield yr-1) 
Total carbon 
sequestration3 
(million t yr-1) 
IAA Conversion (25%) 4.5 million ha 21.2 95.40 
Mangrove Regeneration (25%) 0.47 million ha 1.15–1.39 0.54–0.65 
Seagrass Restoration (25%) 0.82 million ha 0.54–0.83 0.44–0.68 
Shellfish Increase yield (25%) 4.03 million t 0.06–0.12 0.24–0.48 
Overall    ≈ 97 
1 IAA area is from discussions with various scholars; mangrove and seagrass area are from Valiela et 
al. (2001) and Walker et al. (2006) respectively; shellfish production is from FAO (2016).  
2 Carbon sequestration rate by IAA and shellfish are from Downing et al. (2008) and SARF (2012), 
respectively; carbon sequestration rate by mangroves and seagrasses are from Siikamäki et al. 
(2012). 
3 Carbon sequestration rate expected in standard ponds may reduce potential gain from conversion 
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Table 2. Possible constraints to sequestering blue carbon through the greening of aquaculture 
Greening of aquaculture Constraints 
Pond-based IAA • IAA may face water management problems including freshwater 
scarcity and saltwater intrusion into coastal areas  
• Prevailing pond management regimes adopted to recycle 
nutrients may prevent the accumulation of carbon sediments 
• Removal of pond sediments to manure for terrestrial crop 
production may result in GHG emissions 
Shrimp culture from 
mangroves to IMTA 
• Translocation of shrimp from mangroves to offshore IMTA may be 
difficult to restore mangroves due to changes in hydrological 
and environmental conditions   
• Concerns for offshore IMTA in terms of environmental and bio-
safety issues  
• Profitability may be uncertain due to high cost associated with 
offshore IMTA 
Seaweed culture in IMTA 
and seagrass restoration 
• Technical and environmental difficulties for restoration of 
seagrasses through IMTA  
• Regimes to exclude fishers from IMTA and seagrass restoration 
areas may be difficult to establish  
• Seaweed harvesting from IMTA may release blue carbon  
Shellfish aquaculture • Harvesting of shellfish may cause eutrophication and GHG 
emissions 
• Shellfish generally require depuration before sale which can result 
in GHG emissions  
• Storage and cooking across product value chains can result in GHG 
emissions  
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